The cytopathic effect (CPE) of Escherichia coli producing cytotoxic necrotizing factor type 1 (CNF1) was investigated by using a human epithelial cell (HeLa) model of infection with CNF1-producing E. coli BM2-1. This strain was shown to bind loosely, but massively, to HeLa cells. A 4-h interaction between bacteria and eukaryotic cells triggered the delayed appearance of a progressive dose-dependent CPE characterized by (i) intense swelling of cells accompanied by the formation of a dense network of actin stress fibers, (ii) inhibition of cell division due to a complete block in the G 2 phase of the cell cycle, and (iii) nucleus swelling and chromatin fragmentation. These alterations resulted in cell death starting about 5 days after interaction. The absence of multinucleation clearly distinguished the CPE from the effect produced by free CNF1, which was shown to result in a true endomitosis. Moreover, the CPE was neither produced by cell-free culture supernatants of infected cells nor prevented by a CNF1-neutralizing antiserum. Pathogenicity was completely abolished after Tn5::phoA insertion mutagenesis in the cnf-1 structural gene but not restored by trans complementation with a recombinant plasmid containing intact cnf-1 and its promoter. These results suggest that a gene downstream of cnf-1, essential to the induction of the CPE, was affected by the mutation. On the other hand, transformation of the wild-type strain BM2-1 with the same recombinant plasmid leads to a significant increase in both CNF1 activity and CPE, demonstrating the direct contribution of CNF1 to the CPE. In conclusion, the pathogenicity of E. coli BM2-1 for HeLa cells results from a complex interaction involving cnf-1 and associated genes and possibly requiring a preliminary step of binding of bacterial organisms to target cells.
Cytotoxic necrotizing factors (CNF) form a recently discovered category of Escherichia coli toxins that induce on various eukaryotic cells in culture a drastic reorganization of the microfilamental network into thick stress fibers. In cell culture assays, this phenomenon is accompanied by a block of cytokinesis, leading to the formation of giant multinucleated cells (6, 10, 18, 27, 30) . This original biological activity is associated with the ability of CNF to induce a posttranslational modification of the 21-kDa rho GTP-binding protein, which is involved in the regulation of the microfilamental network (28) . Two types of CNF, with apparent molecular masses of 110 to 115 kDa (5, 11, 26) , have been characterized. They can be distinguished on the basis of clinical origin, in vivo toxicity, and genetic determination (9) . CNF1 is found in E. coli isolates from septicemia, diarrhea, and urinary tract infections of humans (1, 7) and animals (4, 10) . It is chromosome encoded and moderately dermonecrotic (6, 15) . CNF2 is produced only by some E. coli isolates from septicemic or diarrheic young ruminants (4, 10) , is plasmid encoded (27) , and is highly dermonecrotic (9) . In spite of these differences, the genes encoding CNF1 and CNF2 both comprise 3,045 nucleotides and have 85.7% identical residues and 99% conserved residues (15, 28) .
Although significant knowledge of the biological and molecular properties of CNF toxins has accumulated over the years, there is as yet only indirect evidence to substantiate the role of these toxins as true virulence factors. The available evidence is first based on their potent toxic properties, including necrotoxicity in the rabbit skin test and lethality for mice and for young ruminants after parenteral administration (9, 12) . Another interesting property is the ability of CNF1 to induce phagocyte behavior in cultured epithelial cell lines (16) . If relevant in vivo, the latter mechanism would allow the bacteria to be taken up by epithelial cells, a phenomenon that could account for the frequent association of CNF-producing E. coli with systemic infections in humans and animals. The second line of argument is provided by the ability of CNF-producing E. coli to produce septicemia in animals experimentally infected by the oral route, such as calves for CNF2 isolates (32) and pigs for CNF1 isolates (40) . However, in the above-mentioned experiments, the exact contribution of CNF in virulence was not examined, for instance, through the comparison of parental strains with isogenic mutants with CNF specifically deleted.
A major obstacle to the comprehension of the role of CNF in the virulence of CNF-producing E. coli is the fact that, in vitro at least, the toxin remains associated with the bacteria and is not detectably released into the culture medium (6, 11) . A prerequisite for CNF activity on target cells would therefore be its release through lysis of E. coli organisms on contact with the epithelium. Another possible strategy could be an intimate interaction between E. coli and eukaryotic cells, leading to specific translocation of the toxin through the host cell membrane, a mechanism that has been demonstrated for, for instance, Yersinia YopE cytotoxin (29) .
In the present paper, we discuss an original cytopathic effect (CPE) induced in cultured HeLa cells following a temporary interaction with E. coli BM2-1, a prototype CNF1-producing isolate from a calf with enteritis (10) . The scope of this study was firstly to characterize this CPE by using several complementary and specific biological criteria and secondly to assess, on a molecular basis, the possible contribution of established virulence factors in the CPE, with the main emphasis on CNF1. We show that the interaction induces a profound reorganization of the HeLa cell cytoskeleton and a mitosis block in the G 2 phase of the cell cycle, resulting in specific nuclear alterations and delayed cytolethality. We also provide evidence that although the CPE is related to the presence of the CNF1 structural gene, it is clearly distinguishable from the effect induced by free CNF1.
MATERIALS AND METHODS
E. coli strains and plasmids. E. coli BM2-1 (serotype O2:K53,91:H1) was the prototype CNF1-producing isolate used throughout this study. This strain has been described in previous reports (10, 11) . It originated from the fecal content of a diarrheic calf and produces alpha-hemolysin. This strain has been kindly tested for the presence of other known E. coli virulence genes by J. Mainil (Faculty of Veterinary Medicine, University of Liège, Liège, Belgium) and by C. Le Bouguenec (Pasteur Institute, Paris, France). Genes encoding various fimbriae (PapA, PapG, K88, K99, 987P, type 1, S, and F1C), nonfimbrial adhesin (Afa), the attaching-effacing phenotype (Bfpa and Eae), and verotoxins were tested for. The strain was found to be positive for type 1 and S and F1C fimbriae, respectively. The presence of F1C fimbriae was confirmed by seroagglutination with a specific F1C antiserum (kindly provided by M. Dho-Moulin, Institut National de la Recherche Agronomique, Nouzilly, France). This antiserum was produced against purified F1C fimbriae from an E. coli HB101 laboratory strain containing reference plasmid pPIL110-51 (37) . The presence of F1C fimbriae in strain BM2-1 was confirmed by the absence of mannose-resistant agglutination of bovine erythrocytes, as previously described (37) .
Laboratory strains E. coli HB101 (hsdR hsdM recA supE44 lacZ4 leuB6 proA2 thi-1 Sm r ) and E. coli SM10 pir (thi-1 thr-1 leuB6 tonA21 lacY1 supE44 recA::RP4-2-Tc::Mu Km r ) were used as specified in transformation and plasmid mobilization experiments.
Plasmid pISS392 contains cnf-1 in a 3.5-kb insert isolated from the genomic DNA of E. coli EB35 (15) . This plasmid was kindly provided by V. Falbo (Istituto Superiore di Sanitá, Rome, Italy). The broad-host-range pRT733 vector was used to deliver the TnphoA transposon (35) . This suicide plasmid cannot replicate without the protein encoded by the pir transducing phage. The pILL570-NotI vector (Sp r , 5.3 kb) is a derivative of pILL570 with an extra NotI site and EcoRI site in the polylinker (22) . The pRT733 and pILL570-NotI vectors can be mobilized by RP4-containing donor strains.
Isolation and molecular analysis of a mutant with a Tn5::phoA insertion mutation in the CNF1 structural gene. Random insertions of TnphoA into the BM2-1 chromosome were accomplished through the use of donor strain SM10 pir carrying the suicide plasmid pRT733 (35) . After mating of donor strain SM10 pir(pRT733) with recipient strain BM2-1, transconjugants were selected on M9 minimal agar supplemented with 1 g of thiamine per ml and 25 g of kanamycin per ml (35) . Resulting colonies were tested for the production of CNF1 in a simplified assay of cytotoxicity for HeLa cells, using frozen-thawed bacterial extracts, as previously described (34) . Six of about 4,000 selected clones lacked detectable CNF1 activity in cell extracts, while retaining hemolytic activity. As shown by the subsequent molecular analysis, among those six clones, only one, namely G2-8, fulfilled the following two criteria: (i) lack of cointegration of the entire plasmid and (ii) occurrence of a single insertion in the CNF1 structural gene. The lack of the specific 115-kDa CNF1 protein was confirmed by Western blot (immunoblot) analysis, as previously described (11) .
Genomic DNA preparations of CNF1-defective mutants were analyzed by Southern blotting. DNA probes were produced by PCR amplification. A 693-bp internal DNA fragment of cnf-1 was amplified with primers CNF-U781 (5Ј-TTATATAGTCGTCAAGATGGA-3Ј) and CNF-L1473 (5Ј-TTCATAGTAGA TGCCGCTCAG-3Ј) (25) . A 767-bp internal DNA fragment of TnphoA was amplified with primers: TnPhoA-U4031 (5Ј-CAACCTGCCATCACGAGATTT -3Ј) and TnPhoA-L5045 (5Ј-GAAAAGCGGCTGGAACCATTC-3Ј). One additional TnphoA primer, namely TnPhoA-L54 (5Ј-AGCAGCCCGGTTTTCCAG AAC-3Ј), and three additional cnf-1 primers (25), namely CNF1-L3044 (5Ј-GG CCAATAAATAATTTCCCGAATC-3Ј), CNF1-U1843 (5Ј-GGGGGAAGTAC AGAAGAATTA-3Ј), and CNF1-L2934 (5Ј-TTGCCGTCCACTCTCACCAG T-3Ј), were used to directly localize by PCR the TnphoA insertion in the cnf-1 gene.
Recombinant DNA techniques were performed according to standard procedures (31) . PCR amplification of DNA fragments was carried out by using a commercial kit (GenAmp; Perkin-Elmer Cetus) according to the instructions of the manufacturer. Nonradioactive labelling and detection of nucleic acids were carried out by using a commercial kit (DIG-high prime; Boehringer Mannheim). The DNA probes were labelled with digoxigenin (DIG)-dUTP via randomprimed labelling. DIG-labelled hybrids were detected with an anti-DIG-alkaline phosphatase conjugate and visualized with the chemiluminescence substrate CDP-Star.
Assay of interaction between HeLa cells and bacterial cultures. HeLa cells (ATCC CCL2.2) were grown to confluence, at 37ЊC and in a 5% CO 2 atmosphere, in Eagle minimum essential medium (MEM) with Earle salts and Lglutamine (catalog no. 61100; Gibco) supplemented with 10% fetal calf serum (FCS). Twenty-four hours before the test of interaction, cells were trypsinized and seeded in 24-well tissue culture plates (catalog no. 3047; Falcon) so as to give 2.5 ⅐ 10 4 cells per well in a 500-l volume of MEM. Also, 24 h before the test, E. coli strains were precultivated in MEM without FCS at 37ЊC and in a 5% CO 2 atmosphere by seeding Luria broth (LB) glycerol storage culture at a ratio of 1/100. At the time of testing, cell monolayers in a 24-well plate were washed twice with prewarmed Earle balanced saline solution (EBSS) and medium was replaced by 470 l of Eagle MEM with Earle salts and 25 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid) (catalog no. 32360; Gibco) supplemented with 5% FCS complemented with anti-alpha-hemolysin antibodies, in order to prevent the rapid cytolytic activity caused by E. coli alphahemolysin (8). Antibody preparation is described below. Bacterial cultures were centrifuged (5000 ϫ g, 20 min), and the pellet was suspended in MEM so as to constitute the required inoculum. Cell cultures were then seeded with 30 l of bacterial suspensions, and plates were incubated at 37ЊC in a 5% CO 2 atmosphere. After 4 h of interaction, wells were washed four times with EBSS and medium was replaced by Eagle MEM with Earle salts and L-glutamine supplemented with 10% FCS and 200 g of gentamicin per ml. Plates were then incubated at 37ЊC in a 5% CO 2 atmosphere for specified periods of time (from 1 to 7 days), medium being renewed every other day. Cellular alterations resulting from interaction with bacteria were demonstrated and quantified after methylene blue staining as described below.
In other instances, mentioned below, assays of interaction were carried out in tissue culture Petri dishes (100 by 20 mm; catalog no. 3003; Falcon) seeded with 8 ⅐ 10 5 cells, in a 16-ml volume of medium, or in 8-well Lab-Tek chamber slides (Nunc) seeded with 1.5 ⅐ 10 4 cells per well, in a volume of 300 l. Demonstration of loose adhesion. Tests of interaction were performed in 8-well Lab-Tek chamber slides for 4 h. At the end of the assay, 200 l of a 2.5% solution of glutaraldehyde in EBSS was added to the culture medium (final glutaraldehyde concentration, 1%). Slides were then incubated at 4ЊC for 1 h. At the end of the fixation period, wells were removed and slides were immersed in a vertical position for 10 min in a glass container filled with EBSS. This washing procedure almost completely eliminated nonspecific binding to glass. Slides were dried at 37ЊC for 15 min and stained for 30 min in a 1/10 dilution of Giemsa in neutral water. Slides were then observed by microscopy with a 40ϫ objective lens.
Detection of cytotoxic activity in culture supernatants and bacterial lysates. Assays of interaction were carried out under the conditions described above, with tissue culture plates (100 by 20 mm). After 4 h of interaction, bacterial cultures (16 ml) were removed from assay plates and centrifuged (5,000 ϫ g, 30 min) at 4ЊC. Supernatants were filtered (filter pore size, 0.2 m) and placed immediately onto fresh HeLa cell monolayers in similar tissue culture plates. After 4 or 8 h of incubation, culture supernatants were replaced by regular cell culture medium and the occurrence of cytotoxic effects was monitored up to day 7. Bacterial lysates were prepared by sonication of bacterial pellets obtained from centrifugation of 4-h interaction cultures (16 ml), as described above. Bacterial pellets were resuspended in a 5-ml volume of cold MEM containing HEPES (suspended) and FCS (5%) and lysed by sonication at 4ЊC (W225 sonicator; Ultrasonics Inc.). After clarification by centrifugation (5,000 ϫ g, 30 min), lysates were filtered (filter pore size, 0.2 m), reconstituted in their initial volume (16 ml) of complete culture medium, and placed onto fresh HeLa cell monolayers. After 4 or 8 h of incubation, culture supernatants were replaced by regular cell culture medium and the occurrence of cytotoxic effects was monitored up to day 7.
Demonstration of morphological and cytoskeletal changes. Tests of interaction were performed in 8-well Lab-Tek chamber slides as described above. At specified times, morphological and cytoskeletal changes were demonstrated by means of an immunoperoxidase technique that allows simultaneous visualization of both cytoskeleton and nuclei. Cell monolayers were washed once with cytoskeleton buffer (CB) consisting of EBSS without calcium and magnesium (catalog no. 041-04150; Gibco) containing 5 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] (Aldrich), 2 mM MgCl 2 , and 2 mM EGTA [ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid] (Sigma). They were then simultaneously fixed and permeabilized with CB supplemented with 0.1% glutaraldehyde, 0.75% Triton X-100, and 5 mM phallacidin (Sigma), applied over a 2-min period. After one washing with CB, fixation was consolidated by adding CB containing 1% glutaraldehyde and incubating the mixture for 15 min. After three washings with phosphate-buffered saline (PBS) containing 1 mg of bovine serum albumin (BSA) (Sigma) per ml (wt/vol), endogenous peroxidase activity was eliminated by application of 3% hydrogen peroxide for 5 min. After three additional washings with PBS-BSA, slides were incubated for 2 h at room temperature at a 1/100 dilution in PBS-BSA of rabbit antiactin antibody (catalog no. A-2066; Sigma). After five washings in PBS, cytoskeleton structures were revealed by using an anti-rabbit Extravidin peroxidase kit (Sigma) according to the instructions of the manufacturer. Briefly, this staining procedure includes three steps: (i) application of biotinylated goat anti-rabbit antibody, (ii) reaction with a streptavidin-peroxidase compound, and (iii) development with peroxidase substrate 3,3Ј-diamino-benzidine. Slides were then counterstained with Mayer's hemalum (RAL, Paris, France) for 5 min, rinsed for 5 min in tap water, mounted in Entellan mounting medium (Merck), and observed by transmission microscopy.
Simple staining of F-actin with fluorescein phalloidin (Molecular Probes) was also performed, to detect in particular the possible formation of actin accretion on cell surfaces at the end of the interaction assay (21) .
Measurement of invasion during assay of interaction. The occurrence of bacterial invasion during the interaction period was tested for according to the principles of a standard gentamicin assay, as previously described (14) . The assay of interaction was performed in 6-well cell culture plates, by using three replicates per experimental point. Following a 4-h assay of interaction as described above, cell monolayers were washed five times with EBSS and cell culture medium containing 200 g of gentamicin per ml was added to the plates. After 3 and after 24 h, cells were washed twice with EBSS to remove gentamicin and lysed with 0.1% Triton X-100 in EBSS. The number of viable bacterial organisms in cell lysates was determined after plating on Trypticase soya agar (TSA) plates.
Production of neutralizing antibodies against E. coli alpha-hemolysin. Alphahemolysin was produced from the E. coli laboratory strain DH5␣ FЈ containing alpha-hemolysin recombinant plasmid pSF4000 (38) . It was purified by polyethylene glycol precipitation of 3-h culture supernatants in Todd-Hewitt broth, and hemolytic activity on rabbit erythrocytes was measured according to the procedure previously described by Bhakdi et al. (3) . Anti-alpha-hemolysin antibodies were produced in rabbits after repeated intramuscular injection of the purified toxin, by using Aluminject (Pierce) as the adjuvant. They were purified and concentrated by 40% ammonium sulfate precipitation, dialyzed against PBS (pH 7.4), and stored frozen at Ϫ20ЊC. Specificity of the antiserum for the 110-kDa alpha-hemolysin was assessed by immunoblotting (data not shown). Neutralization of rabbit antiserum was titrated in the hemolysis assay described above and then in the assay of interaction on HeLa cells according to the antiserum's ability to prevent immediate cytolytic activity of E. coli BM2-1. The serum batch was used at a 1/50 final dilution in the assay of interaction.
Quantitation of cytotoxicity and cell viability. Assays of interaction were performed in 24-well tissue culture plates, and total protein content was determined at specified periods of time by means of a colorimetric assay using methylene blue, as described previously (39) . Four wells were used for each experimental point. Briefly, after culture cells were fixed with 1% formaldehyde in PBS (pH 7.4) and then stained with a 1% (wt/vol) solution of methylene blue in borate buffer for 10 min. After five washes in borate buffer, stain was extracted with 0.1 M HCl and the optical density of the stain solution was read at 660 nm in a microplate reader (Dynatech).
For the counting of viable cells, assays of interaction were carried out in tissue culture Petri dishes (100 by 20 mm). At specified times, cells were trypsinized and suspended in PBS and viable cell number was determined in a Thoma hemacytometer in the presence of 0.1% Trypan Blue.
Demonstration of specific nuclear alterations and DNA degradation. Tests of interaction were performed in 8-well Lab-Tek chamber slides as described above. For simple fluorescence staining of nuclei, cell monolayers were washed once with EBSS, fixed for 15 min in 1% formaldehyde in PBS, washed three times with PBS, permeabilized with 0.1% Triton X-100 in PBS, washed three times in PBS, and incubated for 10 min in a solution of 5 g of 4Ј,6-diamidino-2-phenylindole (DAPI) per ml in PBS. After one additional washing in PBS, slides were mounted in SlowFade mounting medium (BioProbe) and observed by fluorescence microscopy.
The occurrence of 3Ј-hydroxyl ends of DNA fragments was detected in situ by the terminal deoxynucleotidyltransferase (TdT)-mediated dUTP nick-end-labelling technique (TUNEL), according to the method previously described by Gorczyca et al. (19) . Briefly, preparations were fixed with 1% formaldehyde in PBS, washed as described above, permeabilized in pure acetone at Ϫ20ЊC for 6 min, and dried at room temperature to eliminate acetone. Monolayers were then incubated for 1 h in a reaction buffer (pH 6.6) containing 0.2 M potassium cacodylate, 25 mM Tris-HCl, 0.25 mg of BSA per ml, 2.5 mM CoCl 2 , 0.3 U of TdT (catalog no. 220582; Boehringer) per l, and 1 nmol of biotinylated dUTP (catalog no. B3029; Sigma) per l. After a 5-min washing in PBS, preparations were incubated for 30 min in the dark in 40 g of streptavidin fluorescein (catalog no. 1055097; Boehringer) per ml prepared in a buffer containing 4ϫ concentrated saline-sodium citrate buffer, 0.1% Triton X-100, and 5% (wt/vol) dry milk. Preparations were then washed three times in PBS, stained with a 5-g/ml solution of DAPI in PBS, washed once, and mounted in SlowFade for observation by fluorescence microscopy.
Flow cytometry analysis. After trypsinization and washing in PBS, cells were fixed in 3.7% formaldehyde in PBS (pH 7.4) for 15 min on ice. Next, after three washes in PBS, cells were suspended in 70% ice-cold ethanol and immediately transferred to Ϫ20ЊC for at least 2 h. After fixation and permeabilization, 10 6 cells were rehydrated in PBS at room temperature and then incubated in the dark at 37ЊC for 30 min in 1 ml of a PBS solution containing RNase (1 mg/ml) and propidium iodide (10 g/ml). Flow cytometry analysis of the DNA content was performed with a FACScan flow cytometer (Becton Dickinson). The data from 10 4 cells were collected and analyzed by using LYSYS II software. The signals of orange fluorescence (propidium iodide) were measured by linear or logarithmic amplification.
RESULTS
CPE induced in HeLa cell cultures following interaction with E. coli BM2-1. Nonconfluent HeLa cell cultures were infected for 4 h on day 1 with E. coli BM2-1, by using an initial bacterial concentration of about 10 8 CFU/ml of cell culture medium, as described in Materials and Methods. As a control strain, we used E. coli G2-8, a hemolysin-positive CNF1-defective mutant of BM2-1 obtained through Tn5::phoA insertion mutagenesis. As fully documented below, CNF1 deficiency in strain G2-8 resulted from a single transposon insertion in cnf-1, the structural gene for CNF1. Anti-alpha-hemolysin antibodies were systematically added to the culture medium to prevent the immediate cytolytic effect of alpha-hemolysin produced by both the parental and mutant strains. After 4 h of infection, strains BM2-1 and G2-8 bound massively and specifically to cells but could be almost completely removed by repeated washing of cell monolayers (data not shown). After the washing, MEM was replaced by the same medium containing 10% FCS and 200 g of gentamicin per ml and cell cultures were further incubated for 1 to 7 days. Cells displayed no detectable morphological alterations at the end of the interaction period (day 1), but starting 24 h later (day 2) cells infected with strain BM2-1 developed a progressive CPE whose time course from day 1 to day 7 is depicted in Fig. 1 . Morphologically, CPE was characterized by (i) progressive, marked swelling of cells and of their nuclei, (ii) formation of a dense network of actin stress fibers, (iii) lack of cell proliferation up to day 5, and (iv) partial destruction of cells from day 5, associated with nuclear fragmentation. In contrast, cells infected with strain G2-8 displayed no detectable alterations during the observation period and seemed to behave like noninfected control cells (data not shown), producing dense confluent monolayers on day 7. The mean length of adherent altered cells at day 5 was more than 10 times that of normal cells. Mean diameter of nuclei was estimated to be approximately 2.5-fold that of normal cells on the same day.
CPE induced by bacterial interaction was compared with the effect produced by sterile lysates of these interaction cultures. Sonicated extracts of E. coli BM2-1 interaction cultures, prepared in cell culture medium as described in Materials and Methods, were applied to new HeLa cell monolayers for 4 h, after which regular cell culture medium was added. After at least 48 h of incubation, they induced the typical effects previously described for CNF1, i.e., cell enlargement, formation of actin stress fibers, and multinucleation (Fig. 2) . Therefore, in comparison with the effect of free CNF1, the effect produced by bacterial interaction was characterized by the absence of multinucleation.
Simple staining with fluorescent phallacidin was also used at the end of the interaction period to check the possible accumulation of F-actin on the cell surface, as was observed with attaching-effacing E. coli (21) . In our model, no local accumulation of F-actin was detectable.
We also examined whether CPE could be associated with some degree of bacterial invasion during the assay of interaction. Firstly, organisms associated with cells could be almost totally removed after repeated washes at the end of the interaction period, as observed after Giemsa staining of cell monolayers (data not shown). Secondly, after a 3-or a 24-h exposure of the infected monolayers to gentamicin, no viable colonies could be detected in their lysates.
Dose-response effect on cell proliferation and viability. The time course of cell death was first assessed by enumeration of viable cells following a 4-h interaction with an inoculum of 10 8 cells per ml of culture medium (Fig. 3A) . Cell number re-FIG. 1. Time course of morphological and cytoskeletal alterations induced in HeLa cell monolayers after interaction with CNF-producing E. coli BM2-1 (left column) or TnphoA mutant strain G2-8 lacking CNF1 production (right column). On day 1, HeLa cell cultures were infected for 4 h with bacterial cultures in the presence of anti-alpha-hemolysin neutralizing antibodies and then they were washed thoroughly to eliminate bacteria and incubated in cell culture medium containing gentamicin, as described in Materials and Methods. On day 1 (immediately after washing) and on days 3, 5, and 7, cells were fixed and actin filaments were stained by an immunoperoxidase method using antiactin rabbit antibodies, with counterstaining of nuclei with Mayer's hematoxylin. The same Zeiss 16ϫ phase-contrast objective lens was used throughout. Bars ϭ 20 m. HeLa cells exposed to the parental strain, BM2-1, did not multiply and displayed progressive enlargement, strong development of actin stress fibers, and fragmentation of the nucleus (arrow). By contrast, cells exposed to mutant strain G2-8 displayed no detectable alterations and grew to confluence. mained approximately constant up to day 5, at which time cell lethality started. A dose-response study, using total protein determination as measured by methylene blue staining, was carried out (Fig. 3B) . Inhibition of cell proliferation was dose related, with total arrest observed with a starting inoculum of about 4 ⅐ 10 7 CFU/ml of medium. With smaller inocula, the cytotoxic effect was partial. Doses of bacteria that induced a total block in cell proliferation did not appear to completely inhibit protein synthesis, at least up to day 5. This observation should be considered in correlation with the spectacular increase in cell size that occurs during the same period. In this dose-response study, cell morphology was also systematically examined by inverted microscopy after methylene blue staining. With both lethal and sublethal inocula of strain BM2-1, altered cells displayed the same morphological alterations as described above and cell multinucleation was not significant. By comparison, control strain G2-8 produced no detectable effect, at least up to a starting inoculum of 2.4 ⅐ 10 8 CFU/ml. The major consequence of bacterial interaction on cells was therefore a stopping of their proliferation, while the progressive and profound alterations inflicted on cells resulted in delayed cell death, starting from day 5.
Chromatin alterations and in situ detection of DNA strand breaks by TdT assay. By using simple DNA staining with DAPI, three frequent and distinct morphological alterations, starting from day 5, were observed in cells exposed to strain BM2-1 (Fig. 4B ): (i) complete disintegration of nuclei; (ii) FIG. 3 . Effect of bacterial interaction on cell proliferation and viability. On day 1, established HeLa cell cultures were infected for 4 h with bacterial cultures, and then they were washed thoroughly to eliminate bacteria and incubated in cell culture medium containing gentamicin for specified periods of time, as described in Materials and Methods. (A) Time course of change in HeLa cell viable counts after interaction with CNF1-producing E. coli BM2-1 in comparison with mutant strain G2-8 lacking CNF1 (three plates per experimental point; error bars indicate standard errors). (B) Dose-dependent cytotoxicity exerted by E. coli BM2-1 as assessed by determination of total protein content of cell monolayers by using methylene blue staining (four wells per experimental point; error bars indicate standard errors).
FIG. 2. CPE induced in
HeLa cell monolayers by sterile lysates of BM2-1 cultures. Sterile sonicated extracts from 4-h interaction cultures were prepared as described in Materials and Methods and applied on day 1 to HeLa cell monolayers for 4 h, after which they were replaced by regular cell culture medium. The CPE observed at day 3 (A) and day 5 (B) is shown. Staining was done by an immunoperoxidase technique with antiactin antibody, and counterstaining was done with Mayer's hematoxylin. A Zeiss 16ϫ phase-contrast objective lens was used throughout. Bars ϭ 20 m.
intensely condensed masses of chromatin near the nuclear membrane, a lesion that is reminiscent of apoptosis, and (iii) bean-shaped nuclei enclosing a sharply circumscribed zone with reduced stainability. With a bacterial inoculum of 10 8 CFU/ml, these specific alterations were estimated to affect about 35, 20, and 5% of total cells, respectively, at day 7. In addition, signs of mitosis (chromosome condensation and formation of metaphase plaque) were not detectable. In comparison, multinucleated cells resulting from exposure to sonicated extracts of interaction cultures displayed no such lesions at day 5 (Fig. 4C) .
To further investigate the nature of DNA lesions associated with the nuclear alterations observed in the CPE, we used the in situ TUNEL technique, which detects 3Ј-hydroxyl ends of DNA fragments. As depicted in Fig. 5 , two of the nuclear alterations described above were labelled by this assay, namely lesions 2 and 3. This observation would confirm the apoptotic nature of lesion 2. As regards lesion 3, the labelling concerned only the circumscribed area with reduced DAPI stainability.
Analysis of DNA content by flow cytometry. The arrest in cell proliferation with concomitant enlargement of nuclear size suggested that even though mitosis was inhibited after interaction with strain BM2-1, DNA synthesis still occurred. To test this hypothesis, we studied the time course of alteration of DNA content in cells exposed for 4 h to 10 8 CFU of strain BM2-1 or control strain G2-8 per ml, using flow cytometry methods. DNA content of cells exposed to sonicated cell extracts of strain BM2-1 was also monitored in an attempt to define more specifically their differences from cells exposed to bacteria (Fig. 6 ). Whereas cells exposed to control strain G2-8 behaved like normal cells during the whole period of observation (Fig. 6A ), cells exposed to strain BM2-1 displayed a particular pattern of DNA content (Fig. 6B) . The number of cells 8 CFU/ml) in MEM. Next, they were washed thoroughly to eliminate bacteria and incubated for specified periods of time in MEM containing gentamicin, as described in Materials and Methods. (C) Sonicated extract of strain BM2-1 was prepared from a 4-h bacterial culture in MEM, strictly under the same conditions as used for the experiments whose results are shown in panels A and B, sterilized by filtration (filter pore size, 0.2 m), and then placed on established HeLa cell monolayers for 4 h, after which it was replaced by normal MEM. At specified times, cells were trypsinized, fixed, permeabilized, and stained with propidium iodide for flow cytometry analysis. Note that the DNA scale for panel C is logarithmic instead of linear.
in G 1 gradually declined, while the number of those in G 2 increased up to day 4, at which time practically all cells were blocked in G 2 . At day 5, the G 2 peak flattened and a sub-G 1 peak, indicative of cellular lysis, appeared. In contrast, cells initially exposed for 4 h to sonicated cell extracts of the same interaction cultures were not arrested in G 2 . Their DNA content could increase up to fourfold, which was illustrated by the occurrence of four equidistant peaks, shown in the log-scale diagram at day 4 (Fig. 6C) . This phenomenon was correlated with the presence of cells with 1, 2, 3, or even more nuclei ( Fig.  2A) . By day 5, peaks corresponding to multinucleated cells regressed, coinciding with the reappearance of normal cells in the population (Fig. 2B) . These results, which were highly reproducible, show that cells exposed to cytolethal doses of strain BM2-1 were totally blocked at stage G 2 of the cell cycle. By contrast, cells exposed to free CNF1 extracts from the same cultures were allowed to replicate their DNA at least four times, although cytokinesis was blocked.
Lack of freely diffusible cytotoxic activity in culture supernatants. We examined whether CPE could result from the release of a toxic activity in the medium during the assay. To this end, we tested the cytotoxicity of sterile supernatants of 4-h interaction cultures, produced as described in Materials and Methods. When applied for 4 h on new HeLa cell monolayers, supernatants induced no detectable cytotoxic effect. The same held true when incubation was prolonged up to 8 h. This observation showed that cytotoxicity was not caused by a factor freely diffusible in the medium during interaction. Secondly, we attempted to prevent CPE with a rabbit anti-CNF1 antibody, known to neutralize CNF1 effect at a high titer (11) . Added to a 1:40 final dilution during the test of interaction and the subsequent incubation period, the immune serum had no detectable neutralizing activity. In contrast, the same serum did neutralize the activity of sonicated cell extracts of the same interaction cultures at a 1:5,620 dilution.
Absence of hemolysin contribution to the CPE. As reported above, CNF-defective TnphoA mutant G2-8 produced hemolysin at a titer similar to that of parental strain BM2-1 but did not induce any detectable CPE in HeLa cells, even at large doses ( Fig. 1 and 3) . Besides, we have further experimental evidence demonstrating that hemolysin does not participate in the induction of CPE. Firstly, the library of BM2-1 TnphoA mutants was also screened for loss of hemolysin activity, which is readily detectable on blood agar. We have selected four mutants. All of them have lost their immediate cytolytic effect on HeLa cells but retain the CNF1 production and CPE activity of the parental strain. Secondly, spontaneous hemolysinnegative mutants of BM2-1 were also selected on blood agar, at a rate of about 10 Ϫ3 . All these hemolysin-negative mutants retain CNF1 production and the ability to produce a CPE on HeLa cells.
Contribution of CNF1 structural gene (cnf-1) to the CPE. As shown above, Tn5::phoA mutant strain G2-8, which lacked CNF1 production, was not pathogenic in the assay of interaction. To ascertain the precise contribution of cnf-1 to the CPE, strain G2-8 was therefore thoroughly analyzed according to immunochemical and genetical criteria. Firstly, we confirmed that the lack of CNF1 activity on HeLa cells was associated with the specific loss of the CNF1 115-kDa immunoreactive band in Western blotting analysis, using a rabbit antiserum neutralizing CNF1 toxicity (Fig. 7) . Secondly, genomic DNA preparations of both G2-8 and BM2-1 were analyzed by Southern blotting. Results obtained with the TnphoA probe showed that a single transposon was inserted in the chromosome of the mutant strain. Disruption of cnf-1 by TnphoA insertion was suggested by the results obtained by Southern blot analysis with the CNF1 probe. According to these results, the transposon was most likely inserted in the 3Ј end of cnf-1 (data not shown). This conclusion was further confirmed by PCR analysis using boiling preparations of BM2-1 or G2-8 as the DNA template (Fig. 8) . Briefly, a 1,114-bp fragment was amplified from the DNA of G2-8 and BM2-1 with primers CNF1-U1843 and CNF1-L2934. A 1,227-bp fragment was amplified from the DNA of BM2-1 with primers CNF1-U1843 and CNF1-L3044. A 1,207-bp fragment was amplified from the DNA of G2-8 with primers CNF1-U1843 and TnPhoA-L54. By contrast, no product was amplified from the DNA of G2-8 with primers CNF1-U1843 and CNF1-L3044 and from the DNA of BM2-1 with primers CNF1-U1843 and TnPhoA-L54. Taken together, these results allowed us to estimate the location of the TnphoA insertion between nucleotide 2934 and nucleotide 3044 of cnf-1. It is recalled that the structural gene of CNF1 is an open reading frame of 3,045 nucleotides (15) .
Because Tn5 insertion frequently causes polar effects on downstream genes of an operon, proper insertion of the transposon in cnf-1 did not prove that this gene itself was involved in the production of the CPE. We have consequently examined if CPE could be restored in G2-8 after complementation in trans with an exogenous recombinant plasmid containing cnf-1. For this purpose, DNA of pISS392 was digested with the restriction enzymes AccI and EcoRI, yielding a 3.5-kb DNA fragment which contains cnf-1 and its own promoter. This DNA fragment was subcloned in pILL570-NotI cut with ClaI and EcoRI. The clones that acquired the recombinant plasmid, called pEOSW80, also acquired the ability to produce CNF1. After mating of SM10 pir(pEOSW80) with recipient strains BM2-1 and G2-8, transconjugants were selected on M9 minimal agar supplemented with 1 g of thiamine per ml and 50 g of spectinomycin per ml. Similar mating experiments were Briefly, sonicated extracts were enriched in CNF1 activity by a simplified chromatographic procedure using 50% ammonium sulfate precipitation, DEAE-Trisacryl ion-exchange chromatography, and ultrafiltration, as previously described (10) . They were then run in SDS-7.5% PAGE gels by using 100 g of protein per lane for strains BM2-1 and G2-8 and 10 g for strains HB101 and HB101(pISS385). After transfer onto nitrocellulose membrane, proteins were demonstrated by an immunoperoxidase technique using a 1/400 dilution of a rabbit CNF1-neutralizing antiserum produced as described previously (10) . The arrow shows the 115-kDa CNF1 protein, which is lacking in the profile of mutant strain G2-8. MW, molecular mass. performed with SM10 pir(pILL570-NotI). The cytopathogenic effects of BM2-1(pILL570-NotI), BM2-1(pEOSW80), G2-8(pILL570-NotI), and G2-8(pEOSW80) were compared. As expected, the acquisition of pEOSW80 by G2-8 restored the production of CNF1 in sonicated extracts to a level that was about four times higher than in the parental strain. However, this complementation did not restore the ability to produce a detectable CPE following interaction with HeLa cells (Fig. 9) . By comparison, the introduction of pEOSW80 in the parental strain BM2-1 led to a four-to eightfold increase of CNF1 activity in sonicated extracts, in comparison with the level for both BM2-1 and BM2-1(pILL570-NotI). This increase in CNF1 production was correlated with a significant increase in CPE activity of the same order of magnitude, as shown by the dose-response comparative study (Fig. 9) . It is worth noting that the introduction of the above-mentioned plasmids led to a significant reduction of bacterial growth in the interaction medium. This observation accounts for the smaller cytolethal effect at day 7 observed with BM2-1(pILL570-NotI) in comparison with BM2-1 (Fig. 3B) . This also explains why, in Fig. 9 , we have chosen to express cytolethality at day 7 as a function of bacterial biomass at the end of the interaction period.
The above result supported a determinant role for cnf-1 in the production of the CPE. However, the absence of production of a CPE by complemented G2-8 suggested that one or several essential genes, possibly downstream of cnf-1, were affected by the insertion.
Contribution of type 1 and F1C fimbriae to the CPE. The lack of cytotoxicity in culture supernatants of interaction cultures strongly suggested that a close contact between bacteria and HeLa cells was required to transfer the cytotoxic activity. As reported above, a massive but loose binding was observed during the interaction period, with both the wildtype strain and the CNF1-deficient mutant. We examined the contributions of established fimbriae present on strain BM2-1, namely type 1 and F1C, to the induction of CPE and the loose-adhesion phenotype. For this purpose, we checked whether specific inhibitors of type 1 and F1C fimbriae were able to significantly decrease cytotoxic activity when added to the medium during the test of interaction. These inhibitors were mannose, for type 1 fimbriae (concentration, 1%), and F1C antiserum (concentration, 1/50). Tests were performed according to a dose-response protocol, by using 24 wellculture plates and four wells per experimental point. On day 7, total protein content of cell monolayers was quantified by methylene blue incorporation, as described in Materials and Methods. Whatever the bacterial inoculum used, no significant inhibition of CPE could be observed with either mannose or F1C antiserum (t test, P Ͼ 0.05). Concomitantly, we performed similar inhibition tests with Lab-Tek chamber slides, in order to detect a possible decrease in adhesion at the end of the interaction period. None of these potential inhibitors was able to noticeably decrease the adhesion displayed by strain BM2-1. These experiments showed that neither of the two established fimbrial adhesins present in strain BM2-1, namely type 1 and F1C, seemed to contribute significantly to the CPE and the loose-adhesion phenotype.
DISCUSSION
The overall objective of this study was to examine if a temporary infection of HeLa cell cultures with CNF1-producing E. coli BM2-1 was able to trigger a pathogenic effect that could be ascribed to CNF1. The relevance of this question was linked to the fact that CNF are cell-associated toxins that are not significantly released in culture medium (6, 11) . Our findings show that an interaction of short duration between bacterial organisms and HeLa cells does induce a dose-related specific CPE in HeLa cells and that this CPE is linked to CNF1 but seemingly not caused by the release of a freely diffusible form of CNF1 in the culture medium.
The features of the CPE allow us to define an original pattern of pathogenicity, which may be relevant to the observed clinical association of CNF-producing E. coli with infection of epithelia. The CPE can be summarily described as a delayed cytolethal effect that follows profound alterations of both the cytoskeleton and the nucleus. Functionally, it is characterized by an irreversible arrest of cell proliferation in the G 2 phase of the cell cycle. To further define the specificity of the CPE, we compared it with the effect produced in HeLa cells by sonicated cell extracts of interaction cultures, which contain free CNF1. Although both effects are characterized by the formation of giant cells streaked with actin stress fibers, they differ essentially by the way in which mitosis is affected, as shown by cell cycle analysis by flow cytometry (Fig. 6) . Exposure of cells to CNF1 bacteria totally prevents entry into mitosis, whereas exposure to free CNF1 allows all stages of mitosis, except cytokinesis, to occur. This basic difference in cell cycle modification explains the absence of multinucleation in cells exposed to bacteria, an absence that was observed over the whole range of inocula tested.
Delayed cell lethality is also a highly relevant feature of the CPE. In our model, cytolethality occurred from day 5 after interaction, concomitantly with the appearance of nuclear lesions. This lethality followed a phase of about 4 days during which cells, although their proliferation was stopped, were probably still able to synthesize proteins, as shown by the significant enlargement of cells and of their nuclei and the measurement of total protein content (Fig. 3) . The delayed nature of the cytolethal activity suggests the existence of a second messenger system: bacteria deliver the lethal information during their short effective interaction with cells, and following this initial interaction, cells mount a sequence of biochemical events leading irreversibly to death. This mechanism of delayed cytolethality differs essentially from the rapid lethal effect that has been described for cultured epithelial cells following infection with enteropathogenic (2) or hemolytic (8) E. coli. In the present study, the immediate lethal effect of hemolysin was totally prevented by the addition of neutralizing antibodies. The contribution of hemolysin to the CPE was ruled out by the fact that the nonpathogenic G2-8 mutant retained full hemolytic activity. The lack of participation of hemolysin in the CPE was further corroborated by our observation that spontaneous and TnphoA hemolysin-negative mutants of the parental strain retain both CNF production and cytopathic activity.
The mechanism of cell death was investigated through the study of nuclear lesions. We were able, using DAPI staining, to repeatedly observe three types of nuclear morphological alterations, one of which was reminiscent of apoptosis, as shown by the intense condensation of chromatin near the nuclear membrane and the formation of apoptotic bodies (Fig. 4) . The apoptotic nature of the latter alteration was confirmed by in situ labelling by the TUNEL technique, which detects 3Ј-hydroxyl ends of DNA strand breaks. Unexpectedly, another type of alteration, namely circumscribed zones of reduced DAPI stainability enclosed in bean-shaped nuclei, was also labelled by using this technique (Fig. 5) . Notwithstanding, the most frequent alteration consisted in a complete disintegration of nuclei. The latter alteration was not labelled by the TUNEL technique and cannot therefore be qualified as apoptosis. The relative complexity of this picture may be related to the heterogeneity of cells with regard to their position in the cell cycle at the time of interaction. This hypothesis could be tested by using synchronized HeLa cell cultures. Such a strategy could lead to homogeneous preparations of cells with each of the three types of nuclear alterations observed.
A mechanism of apoptosis toward a macrophage cell line has been recently demonstrated with Shigella flexneri (41) and Bordetella pertussis (20) . In both cases cell death associated with characteristic DNA fragmentation occurred within 4 to 6 h following interaction with pathogenic bacteria, a phenomenon which is essentially different from the delayed cell death that we have observed in the present study. The specific effect FIG. 9 . Cytolethal effects produced in HeLa cell monolayers by strains G2-8 and BM2-1 carrying plasmid pILL570-NotI (control) or plasmid pEOSW80 (cloned cnf-1). Tests of interaction were carried out over a 4-h period according to a dose-response protocol (four wells per experimental point). To account for any difference in bacterial growth during the assay, inoculum size was assessed as the mean optical density at 630 nm (OD 630) of interaction cultures, at the end of the assay. Percent cytolethality was measured at day 7 by determination of total protein content of cell monolayers by using methylene blue staining, with reference to nonexposed control cells (four wells per experimental point; error bars represent standard errors).
of CNF-producing E. coli on the cell cycle of exposed cells seems to us more reminiscent of the activity of various DNAdamaging agents, such as ionizing radiation or camptothecin, that induce a blockade in G 2 /M phases of the cell cycle followed by the induction of apoptosis (24, 36) .
As regards the general mechanism of interaction between bacteria and cells, our observations indicate that CPE does not result from the release of a freely diffusible form of CNF1 into the cell culture medium. This assertion is based on two independent experimental observations. Firstly, we were not able to induce a CPE by exposing cells to freshly prepared cell-free supernatants of E. coli BM2-1 interaction cultures, even when incubation was prolonged over 4 h. Secondly, the CPE was not significantly prevented by addition of anti-CNF1 antibodies that otherwise neutralized free CNF1 at a high titer. The first of these observations shows that no significant toxic activity is liberated in the medium during the interaction. The second one suggests that the active form of CNF1 in the assay of interaction no longer possesses the neutralizing epitopes that are present on the native CNF1 protein or, more likely, that the toxin is not exposed to the external medium during its translocation into the host cell.
If the cytopathic activity is not triggered by the release of a freely diffusible form of toxic activity into the culture medium, then we should admit the existence of a direct mechanism of interaction between bacteria and HeLa cells. In the present study, we have limited our analysis to the role of established adhesins present on strain BM2-1, i.e., type 1 and F1C fimbrial adhesins. Specific inhibition of these adhesins did not significantly decrease pathogenicity, which seems to rule out any specific contribution of these adhesins in our model. This result could largely be expected, since the standardized experimental conditions did not specifically favor the expression of either of these fimbriae (33) and since HeLa cells do not express specific receptors for F1C (23) . The role of the socalled loose-adhesion phenotype that was demonstrated in the present study should now be investigated in detail. This adhesion was described as loose because, in contrast to the situation with binding mediated by most fimbrial adhesins, bacteria could be removed by repeated washings. However, when fixation was performed before the washings, then binding appeared to be both massive and specific for cells. To our knowledge, the loose-adhesion phenotype has never explicitly been described before for E. coli, but it has been reported to occur in the initial phase of Salmonella adhesion to epithelial cell surfaces (17) .
We also postulated that some degree of bacterial internalization could have contributed to the induction of the CPE. This occurrence was considered in the present study, because CNF1 has previously been shown to trigger phagocytosis in cultured epithelial cells (16) . However, our experiments suggest that bacterial internalization was not significant at the end of the interaction period, as shown by Giemsa staining of washed cell monolayers and by counting of viable bacteria that had escaped the bactericidal activity of gentamicin 3 and 24 h, respectively, after interaction. These observations would indicate that CPE is not dependent upon bacterial invasion during the interaction period or dependent upon the persistence (and multiplication) of bacteria after the interaction period itself. This, however, does not preclude the possibility of delayed acquisition of phagocytosis ability by epithelial cells exposed to CNF-producing E. coli. Falzano et al. (16) indeed observed that ability to internalize bacteria (or inert particles) was acquired by cultured epithelial cells only after 12 h of exposure to free CNF1. This hypothesis could be tested in the HeLa cell model of infection described here by rechallenging monolayers 24 h after the initial interaction.
One of our chief objectives was to assess the exact contribution of CNF1 to the CPE produced by strain BM2-1. Our argumentation is based both on morphological considerations and on genetic experiments. Firstly, the production of actin stress fibers across the entire cell can be considered highly specific for CNF1 since, to our knowledge, it has not been described to date for cells exposed to other bacterial toxins or pathogens (13) . Secondly, we were able to completely abolish the CPE through transposon mutagenesis of strain BM2-1 in the CNF1 structural gene (cnf-1). The resulting mutant strain, G2-8, was devoid of significant pathogenicity over the whole range of inocula tested (Fig. 3) . Aside from providing us with an adequate control strain, this result strongly suggested that CNF1 itself participates in the induction of CPE. However, because of the known polar effect of Tn5 insertion, the loss of pathogenicity in strain G2-8 could also be attributable to the inhibition of a gene downstream of cnf-1. This happened to be the case, as demonstrated by trans complementation of strain G2-8 with recombinant plasmid pEOSW80, which contains cnf-1. Although the level of CNF1 production was significantly higher in the complemented strain than in the parental strain, the CPE could not be restored. This determinant observation shows that at least one gene, possibly downstream of cnf-1, is necessary to produce the CPE. The role of cnf-1 itself is supported by the correlative enhancement of both CNF1 activity and CPE ability in the parental strain BM2-1 after its acquisition of recombinant plasmid pEOSW80 (Fig. 9 ). The existence of several genes acting concurrently with cnf-1 to determine pathogenicity toward HeLa cells is thus most likely. These would include, in particular, genes responsible for the binding of bacteria to cells, those contributing to the secretion of CNF1, and those triggering the transfer of the toxic activity into target cells. Such a multifactorial process has been described to occur with, for instance, the YopE cytotoxin of Yersinia spp. (29) .
To our knowledge, induction of a mitosis block leading to delayed cell death has never been described so far as a potential mode of pathogenicity for bacterial organisms. Together with the induction of specific cytoskeletal alterations, these pathogenic properties could account for the involvement of CNF-producing E. coli in infection of epithelia, for instance, through impediment of cell renewal or the alteration of such essential properties as cell polarity and barrier functions. Provided that the original pathogenic properties described here can be extrapolated to other clinical isolates of CNF-producing E. coli, our work opens three complementary fields of research: (i) the identification of bacterial genes acting together with cnf-1 to promote cytopathogenicity, (ii) the elucidation of the mechanisms through which bacteria deliver the toxic instructions to host cells, and (iii) the unravelling of the second messenger program in host cells that results in mitosis block and delayed lethality.
